In order to produce high-quality tantalum powder of spherical shape with a uniform particle size and a high purity using a metallothermic reduction process, it is important to control the reaction temperature and reaction rate. In this study, we developed a metallothermic reduction method using a system supplying materials continuously from an external unit where the feed materials of K 2 TaF 7 and the reductant Na were continuously supplied to control the reaction temperature and reaction rate.
Introduction
Tantalum has not only a high melting point, high strength, good mechanical characteristics like ductility, and good antioxidation, but also has excellent thermal resistance, since it forms solid solutions like Nb, Mo, W, V, and Zr. Because of these desirable properties, the demand for tantalum use in chemical and industrial fields, and electric and electronic materials, high-strength materials, and biological materials is on the increase. 1, 2) Table 1 indicates the major properties of tantalum. Tantalum powder, in particular, has a high permittivity and forms stable oxidized layers, so it is being utilized as a material for both poles of small condensers. 1) The tantalum powder currently used for condensers should have a spherical shape, a uniform particle size of 1-3 mm, and more than a 99.5% degree of purity. However, it is extremely hard to produce a ball-shaped tantalum powder with a uniform 1-3 mm particle size.
The factors affecting the powder shape and particle size of tantalum powder include the amount of added reductant, reaction temperature, and the amount of diluent. Additionally, it is even more important to control the temperature and maintain the reaction rates, since the temperature in the reaction container rises rapidly due to exothermic reaction during the reaction of raw materials and reductants. 2) However, among the previously conducted experiments, in the case of batch-type, which produces a reduction process by the heat reduction method for metals by loading all of the raw materials, diluents, and reducing agents into the reaction container, it is considered almost impossible to produce tantalum powder with a uniform particle size and a spherical shape, since it is difficult to control the reaction temperature and rates when the raw materials and reducing agents respond to each other. 3, 4) Therefore, in this study, we controlled the reaction temperature and rates by quantitative supply by constantly supplying raw materials and reducing agents from a outside in order to produce tantalum powder with a uniform particle size and a spherical shape. Moreover, it is considered possible to obtain more than a 99.5% degree of purity by performing appropriate post processing such as deoxidation, dehydration, and thermal treatment process for a powder with a low degree of purity. Consequently, this study compared and analyzed the degrees of purity before and after conducting deoxidation, dehydration, and thermal treatment processes. Figure 1 shows a simple illustration of the tantalum powder production equipment. This equipment consists of the reduction reaction device, raw material and reducing agent filling device, and inactive gas inhaler and discharger. Tantalum uses a vacuum chamber since it has strong chemical affinities with O 2 , N 2 and H 2 . The vacuum chamber, whose diameter is 200 mm, thickness is 5 mm, and pressure is 3.99 Pa was made of SUS. Additionally, its reaction container, whose diameter is 150 mm and thickness is 1 mm, was made of Ni alloy. In this study, we also installed a Ni-system agitator in the center of the reaction container to promote the reactions of the raw materials, diluents, and reducing agents dissolved during the reduction process. The reaction gases generated during the reaction are discharged through filters. The cooling apparatus was also installed outside the vacuum chamber to inhibit it from being heated.
Experiment Methods
The equipment for this study transfers only pure liquid Na to a liquid Na tank after dissolving solid Na into 423 K in a solid Na tank. The liquid Na is transferred to the inside of the reaction chamber using a Na quantifying pump after it has been transferred to the liquid Na tank. K 2 TaF 7 is also transferred to the reaction chamber using a quantifying pump.
Supplying the raw materials and reducing agents from the outside using the above equipment, the reaction temperature and rates are controlled by the supply rates of the raw materials and reducing agents.
Moreover, the conditions for reaction temperature and the amount of reduction agents in this experiment followed the good particle size and powder shape obtained from the satisfactory conditions among the previously conducted experiments. Those conditions include 1123 K of reaction temperature, the 1:1 ratio of raw material to diluent, and the addition of þ1% of reducing agent, which is the theoretical stoichiometry capable of reducing all of the raw materials according to the eq. (1).
The processes of this experiment started from loading 4000 g of diluents, KCI and KF with a 4:1 weight ratio. Next, Ar gas was injected after maintaining the pressure at 3.99 Pa using a vacuum pump. Meanwhile, the raw materials and reducing agents are mixed in the external container simultaneously after making it vacuous and aerating the Ar gas several times, heating the reaction temperature up to the target temperature of 1123 K, and then maintaining the temperature for an hour in order to minimize the dissolved oxygen inside the vacuum chamber. The raw materials are supplied using several screw-type rotators, while the reducing agents are supplied to the reaction container using the quantifying pump after being melted in the solid Na tank at 423 K and then transferred to the liquid Na tank. As much as 4000 g and 1300 g of the raw materials and reductant are loaded at rates of 200 g/min and 65 g/min for 20 minutes, respectively.
The moment the target temperature is reached inside the reaction container, the raw materials and reducing agents were stirred 10 mm above the bottom of the reaction container at a speed of 70-80 rmin À1 using an agitator. The agitation commences 30 minutes before the supply of raw materials and stops operating 1 hour after the completion of the supply. The reactants after the agitation adhere to by cooling the temperature inside the furnace down to room temperature after separating the reactants from the agitator and maintaining them at the target temperature for 1 hour. After this, the extracted samples are collected from the inside of the reaction container. After then, samples are washed with methanol and distilled water in order to remove Na and salt without reactions, and then tantalum powder is collected. Next, they are rinsed out and dried at 353 K for 8 hours under the vacuous condition. The tantalum powders collected after being dried are subjected to post processing such as deoxidation and dehydration, and the removal of small amounts of impurities such as Fe, Cr, and Ni. The post processing is carried out at 20%(3HCl + HNO 3 ) for 1 hour simultaneously with agitation, with the powders rinsed several times, put in 8%H 2 SO 4 + 8%Al 2 (SO 4 ) 3 for 3 hours, and 2%H 2 O 2 + 1%HF for 1 hour again. Subsequently, they are rinsed out with distilled water and then with acetone several times, and dried in the vacuous dry furnace at 353 K for 6 hours. After being vacuum-dried, the powders are collected, deoxidized with one of the reducing agents, Ca, at 1173 K for 5 hours for removal of remaining oxygen, and then vacuum-heat-treated at 1573 K for 3 hours. After finishing the post processing and heat treatment, the microstructures of the collected powders were observed with a scanning electron microscope, the concentration of impurities in Ta powder was measured using Inductively Coupled Plasma atomic emission spectrometry (ICP), and the phases were identified using an X-ray diffractometer. Also, the distribution of particles as measured by HELOSKF-MAGIC. The recovery rate was obtained by comparing the amount of pure Ta in K 2 TaF 7 before the reaction and the amount of Ta powder after recovery. Figure 2 shows the results of the X-ray diffractometry of Ta under different processing conditions for Ta powder produced by external supply. The figure shows the same peak as that of the standard Ta sample under all conditions. It can be seen that the Ta sample rinsed with distilled water had some impurities such as Ta 2 N, KTaO 3 and these impurities were removed by deoxidation, dehydration, and vacuum heat treatment. Table 2 shows the results of the comparison between impurities in Ta powder before and after post processing using ICP and the NO analyzer.
Results and Discussion

X-ray diffractometry and chemical analysis
In Table 2 , it can be seen that the obtained quantities of K, O, Fe, Cr, Ni were low when raw materials and diluents were supplied from the outside, compared with the batch type powder that produced a reduction reaction by mixing the raw materials diluents. A rapid increase in reaction temperature was inhibited and a uniform reaction was obtained by letting allowing a sufficient amount of raw materials and reducing agents to react by supplying them from the outside. This is thought to be due to an influx of O 2 or N 2 from the pores in bulks into the inside of the reactants in the case of the batch type mixing bulk Na in the reducing agent. However, it was found that there was little oxygen mixed in the external supply method since Na of the reducing agent was dissolved in the external container first and then only pure liquid Na was allowed to flow. In particular, it was revealed that the Ta powder after the heat treatment had a high degree of purity compared with the standard sample.
In addition, the amount of impurities decreases when the Ta powder produced by the external supply is post processed. Bose et al. reported that the generation of the mediums resulting from the combination of A1 ions in the solution with F ions causes liquefaction and inhibits the formation of F and HF if Al 2 (SO 4 ) 3 and H 2 SO 4 are used when post processing.
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3.2 Particle size and morphological analysis and recovery rate Figure 3 shows an SEM image of the Ta powder produced by the external supply {Figs. 3(a)-(c)} and the batch type {Fig. 3(d)}. It can be observed that the Ta powders produced according to the batch type mixing of raw materials and reducing agents are lamellar, that their particle sizes are not uniform, and that impurities are present on the surface of particles. In the case of batch type mixing, it is difficult to control the rates in the reaction containers and the reaction rates since large quantities of raw materials and reducing agents react at the same time. Therefore, it is also difficult to produce Ta powders with a uniform particle size and spherical shape since it is hard to control the reaction temperature affecting the particle size and shape. In the batch type, Fig. 4 shows the temperature profile in the reaction container rises rapidly due to exothermic reaction during the reaction of raw materials and reductant. But, external supply system enabled the control of reaction temperature and reaction rates according to the feeding rate of feed material during reduced reaction, and resultantly it enabled the manufacturing of granular-shaped powder with a regular granularity of 2$3 mm. Figures 3(a) -(c) also show the observed movements of the impurities caused by the post processing of Ta powder produced by the external supply. Some impurities were observed on the surface of Ta powder before the post processing, but they were removed after post processing. Additionally, the particle size and shape of Ta powder became equalized after the heat treatment. Figure 5 shows the distribution of particle sizes of agglomerated Ta powder. The measurement was carried out three times using approximately 1 g of uniformly mixed Ta powder at a pressure of 500 MPa with a 10 MPa vacuum nozzle. There were mostly 10-40 mm agglomerated Ta powders, and they accounted for 90% of all Ta powders. Therefore, the particle size of the agglomerated Ta powders is approximately 17 mm, and this is very satisfactory. The cohesion of Ta powder enhances fluidity. The fluidity is an important factor in producing a capacitor. Nevertheless, this experiment does not focus on fluidity. In the case of a batch type mixing, the recovery rates indicated approximately 80% recovery due to un-reacted raw materials and an irregular particle size, while it was possible to recover more than 90% of the Ta powders in this experiment. Bose 1) reported that recovery rate increases as reaction temperature increases, while Kelly and Rees 8) asserted that recovery rate rapidly decreases at a temperature over 1173 K, but there were no differences in the rates from 1093 to 1173 K. The dependency of reaction characteristics on temperature is yet to be solved. Table 3 shows a comprehensive comparison and analysis of the properties of Ta powders produced by batch type mixing and an external supply.
Conclusion
It is necessary to control the reaction temperature and rates to control the particle size and shape of Ta powders effectively, and to achieve this purpose, in this study, we injected raw materials and reducing agents using an external unit quantitatively, and reached the following conclusions.
(1) It was possible to control the reaction temperature and rates by the supply rates during the reduction reaction, and produce Ta powders with a uniform particle size and a spherical shape. In particular, it was possible to produce uniformly spherical Ta powders of 2-3 mm when the raw materials and reducing agents were supplied at speeds of 200 g/min and 65 g/min, respectively. (2) If Ta powders are produced by the external supply, there is no raw materials of un-reacted and impurities, due to the uniform reaction of the reducing agent. In addition, a small quantity of heavy metal impurities and impurities such as O 2 and N 2 were removed by post processing and heat treatment. (3) The recovery rates of Ta indicated 80% recovery in the case of the batch type mixing and more than 90% recovery in the case of the external constant supply method. 
